Light inactivation of glucose-6-phosphate dehydrogenase within the pea (Pisum sadvum L.) leaf chloroplast has a narrow pH optimum between 7.2 and 7.4 and is NADP-sensitive. The pH optimum for dark activation is slightly lower. Inactivation apparently results in a simple decrease in maximal velocity of the chloroplastic and cytoplasmic forms of the enzyme with no concomitant change in pH optimum or Km (glucose 6-phosphate).
MATERIALS AND METHODS Plant Material. Pea (Pisum sativum L., var. Little Marvel) plants were grown in a soil-perlite mixture under natural light for 12 to 15 days in a greenhouse.
Preparation of Extracts and Chloroplasts. Whole shoot extracts were prepared by grinding green shoots in 20 mm, pH 7.4, tris-HCl with a mortar and pestle, filtering through four layers of cheesecloth, and centrifuging for 15 min at 12,000g. Chloroplasts and cytoplasmic fractions were prepared essentially as described previously (2) except that in some cases (specified) the isotonic medium of Stokes and Walker (18) was used. Stromal and particulate fractions of broken chloroplasts were prepared as described previously (3) except that for determination of pH optima of light inactivation and dark activation the concentration of HEPES in the resuspension medium was only 5 Enzyme Assays. Glucose-6-P dehydrogenase and NADPlinked glyceraldehyde-3-P dehydrogenase in NADP-generating direction were assayed as previously described (7).
Determination of pH Optima. Assay mixture pH was mea- ' This work was supported by National Science Foundation Grant BMS 75-02281.
2To whom reprint requests should be addressed.
sured at room temperature with a Radiometer pH meter 26 after activity of the enzyme or system was determined.
Determination of Kinetic Constants. The activity of a constant amount of the specified enzyme was measured at six different concentrations of substrate. Each set of reaction rates and corresponding substrate concentrations was analyzed using the program of Hanson et al. (9) 
RESULTS AND DISCUSSION
The chloroplastic form of glucose-6-P dehydrogenase can be separated from the cytoplasmic form by electrophoresis (4) or by ammonium sulfate chromatography (16) and, of course, by separation of chloroplasts from cytosol, which indicates that there probably are both positional and structural differences in the two forms of the enzyme in higher plants. Light treatment of intact pea plants does not change the pH optima of either form of the enzyme nor does DTT3 treatment of the crude chloroplastic or cytoplasmic extract affect the shape of the pH dependence curve (Fig. 1, A and B) . In the present experiments we did not attempt to eliminate or correct for 6-P-gluconate dehydrogenase activity, but rather assumed that since its pH dependence curve is similar to that for the sugar-P dehydrogenase (16) that it would act essentially as a secondary coupling enzyme, except that differences would be disproportionately magnified. Levels of activity of the two dehydrogenases within the chloroplasts are about the same.
We have also examined the effect of light treatment of the intact plant and DYT treatment of extracts on the pH optima of the NADP-linked chloroplastic form of glyceraldehyde-3-P dehydrogenase (Fig. 2) . As with glucose-6-P dehydrogenase light treatment did not appreciably affect the optimum. In contrast DTT treatment of the extract does shift the optimum toward a Plants were kept in darkness overnight and extracts prepared in dim light (dark-treated) or plants were exposed to 550 ft-c light for 30 min at room temperature (light-treated). Extracts were prepared by grinding shoot tissue in 20 mM, pH 7.4, tris HCl, filtering the resultant brei through four layers of cheesecloth, and centrifuging for 15 min at 12,000g. A portion of the extract from dark-treated plants was made 50 mm in DTT and allowed to stand on ice for 30 min before it was used in enzyme assays. The assay mixture contained 2.5 ,umol ATP, 20 Amol MgCI2, 5 Ajmol 3-P-glycerate, 0.1 .tmol NADPH, 50 Zimol buffer, and 5 units 3-P-glycerate kinase in a final volume of 1 ml. Buffers used were: pH 5.6 to 6.5, potassium salt of MES; pH 6.6 to 7.4, potassium salt of HEPES; pH 7.6 to 8.9, Tris-HCI. In the experiments shown here, 42 jug protein from dark-treated plants, 39 (6) . Light treatment alone does not markedly affect the optimal pH of either dehydrogenase. The nonphysiological and probably less specific effector DPT affects the pH optimum for both NADP-linked glyceraldehyde-3-P dehydrogenase and fructose-1,6-diphosphatase, but there is no reason to believe that this effect is necessarily related to the effect of light on the activity of either enzyme.
Light and DPT treatment affect the maximal velocity values of both forms of glucose-6-P dehydrogenase, when glucose-6-P is the variable substrate, and of glyceraldehyde-3-P dehydrogenase when NADPH is the variable substrate (Table I) . Our glyceraldehyde-3-P dehydrogenase results are consistent with those of Melandri et al. (15) . The effect elicited by light and DPT treatment is similar in each of these cases, although the DPT effect is more pronounced. Light or DPT treatment results in apparent noncompetitive inhibition, with respect to glucose-6-P, of glucose-6-P dehydrogenase and in noncompetitive stimulation, with respect to NADPH, of NADP-linked glyceraldehyde-3-P dehydrogenase. Neither light nor DPT significantly affects the apparent affinity for the variable substrates in the present experiments. At the molecular level, this type of modulation is consistent either with total activation or inactivation of the affected enzyme (i.e. classical noncompetitive inhibition or stimulation) or with allosteric modification of the activity of the enzyme through an effect on a modulator site not identical with the active site.
In crude chloroplast extracts glucose-6-P dehydrogenase is inactivated by a membrane-bound light effect mediator which is associated with the electron transport system (3 course of dark activation of glucose-6-P dehydrogenase is shown in Figure 3 . It is possible to determine pH optima both for the LEM system and for dark activation (Fig. 4) . There is a sharp optimum for light inactivation at pH 7.3 and sharp optimum for dark reactivation at pH 7.1. The curves overlap with inactivation being favored at higher pH values and activation being favored at lower pH values. Similar curves for pH dependence have been obtained for light modulation (activation) of the activity of ribulose-5-P kinase and fructose-1,6-diP phosphatase (J. Duggan and H-M. Chin, unpublished data).
The changes in, and the effect of light intensity on, stromal pH have been estimated by Heldt et al. (11, 19) . The pH of the stroma is about 7.1 in dark and 8.1 in the fully illuminated chloroplast. Our experiments indicate that light inactivation and dark activation will occur optimally as the pH is shifted from the low value in the stroma of the nonilluminated chloroplast to the higher pH of the stroma of the fully illuminated chloroplast. At pH 8.1 (fully illuminated chloroplast) the enzyme will have been inactivated; at pH 7.1 (nonilluminated chloroplast) the enzyme will be activated. The LEM system will actively modulate activity of the enzyme only at pH values between 7.1 and 7.5, or, in other words, either in chloroplasts which are not fully illuminated, or in chloroplasts which have just been illuminated and in which stromal pH is still rising. Thus the light and dark modulator systems seem to have been designed to act as on and off switches for the operation of this enzyme and hence of the oxidative pentose phosphate pathway within the chloroplast.
Since the LEM and NADP apparently both can act as electron acceptors in photosynthetic electron transport, it may well be that NADP competes with the LEM for electrons and hence inhibits the inactivation of glucose-6-P dehydrogenase. That this Reactivation of glucose-6-P dehydrogenase in broken chloroplast system in darkness. Glucose-6-P dehydrogenase activity is plotted versus time after light is turned off. Chl concentration, 13.5 ,ug ml-'; stromal protein concentration, 420 ,Ag ml-'. Time in light, 3 min.
Reactivation was stopped by 10-fold dilution of the reactivation assay mixture in ice-cold deionized H20 and glucose-6-P dehydrogenase activity assayed in triplicate on each sample.
can occur in vitro is shown by the data in Table II . In intact chloroplasts there is a burst in the level of NADPH (bound plus free) following illumination and a reciprocal drop in NADP (10, nmol NADPH formed min-' mg protein-' at to; stromal protein concentration was 4.1, 2.8, and 2.9 mg ml-', respectively, in modulation experiment and maximal initial velocity modulation was 11, 23, and 51 v0 (mod) units. Activity of glucose-6-P dehydrogenase in stromal extract used in dark reactivation experiments was 8.6 and 8 nmol NADPH formed min-' mg protein-' at to (by extrapolation), stromal protein concentration was 4.5 and 8 mg ml-' and maximal initial velocity modulation was 5.6 and 7.2 vo (mod) units. Light exposure prior to dark reactivation was 2 min. Chl concentration was about 100 ,ug ml-' (constant within experiments). Light modulation of the activity of glucose-6-P dehydrogenase is clearly pH-dependent. (3) . Unfortunately in the present experiments a general inhibition of the LEM system for glucose-6-P dehydrogenase by triphosphopyridine nucleotides cannot be ruled out, since NADPH inactivates glucose-6-P dehydrogenase directly (see below) making it impossible to test the effect of the reduced nucleotide in the light inactivation system. As would be anticipated NAD also acts as an inhibitor of the LEM system (Table II) . At (3) , and (c) light inactivation occurs in broken chloroplast preparations where the stromal fraction is necessarily dilute and hence NADPH levels probably much lower than in the intact chloroplast, it is obvious that light inactivation is not simply the result of inhibition of glucose-6-P dehydrogenase by NADPH. Rather it seems more likely that glucose-6-P dehydrogenase may be inactivated within the chloroplast by the LEM and inhibited by NADPH. It is interesting to note that the enzyme from Anacystis nidulans is inactivated by light (7) and, like the higher plant chloroplastic enzyme, sensitive to NADPH (8) .
The inactivation and inhibition of the activity of both chloroplastic and cytoplasmic forms of glucose-6-P dehydrogenase within the pea leaf is apparently a highly integrated and complex process. On the basis of the data presented here and by inference from data of others (stromal pH changes reported by Heldt et al. [11] ; changes in NADPH to NADP levels reported by Heber and Santarius [10] and by Lendzian and Bassham [13] ; changes in metabolite levels reported by Bassham's group as well as by Latzko and Gibbs [see ref. 1]), we can postulate that the sequence of events in Figure 5 or some similar sequence may occur when a green pea leaf is illuminated. The immediate response of chloroplastic glucose-6-P dehydrogenase to light will be a decrease in activity as a result of inhibition by NADPH produced when the leaf is illuminated. The second and slower response will be inactivation by the light effect mediator system. Both processes will be important in controlling the 
